54
Elsaify proposed an automatic array element search algorithm, but using array elements with separate gel layers 55 (a matrix of small single electrodes) [14] . More recently, Valtin [17] demonstrated an array search algorithm 56 that takes roughly two minutes using two flexible PCB electrode arrays (one over the nerve and one over 57 Tibialis Anterior), each interfaced with a continuous, high-resistivity hydrogel layer. However, in contrast to the 58 work presented here, only preliminary results with a healthy subject were presented. In the most recent work,
59
Seel reported on a system using a foot-mounted inertial sensor to adjust the steering based on realtime 60 measurements of the foot orientation [11] . The system uses only two electrodes and, in laboratory studies with 61 stroke participants, demonstrates convergence on a suitable foot response within one or two strides. However, 62 studies of the system outside of the laboratory setting have yet to be published.
63
In this paper we expand on a recent conference paper [19] to report on the design, development and 64 demonstration of a system for automated setup of drop foot FES (ShefStim). The paper extends the conference 65
paper by presenting the model used to define the initial electrode array geometry design (section 2) and provides 
76 2. DESIGN OF THE ELECTRODE ARRAY 77
For clinical applications a moderately electrically conductive hydrogel interface between the electrodes and skin 78 provides the benefits of hydration of, and adhesion to, the skin. However, in array applications a continuous 79 hydrogel layer also introduces the issue of spatial selectivity loss due to transverse currents in the hydrogel.
80
Spatial selectivity is defined as the ability to activate discrete groups of nerve fibres in a localised region without 81 stimulating nerve fibres in neighbouring regions.
82
In order to achieve a satisfactory degree of spatial selectivity, it was necessary to identify an appropriate 83 electrode geometry and interface layer properties. Two finite-element models were therefore developed to 84 investigate the effects of electrode geometry and hydrogel layer properties on spatial selectivity, characterised in 85 our model by the activation area (see below 
97
Structures of smaller dimension, such as hair follicles or blood vessels, were not explicitly modelled, as their 98 influence on stimulation at the depth of the motor nerve branches could be considered negligible.
99
Appropriate electrical conductivity properties were assigned to the elements, based on values from Duck [22] 100 (Table 1) 119 converge to a point at 100% of maximum stimulation function and contours enclose infinitely large areas at 0%)
120
As the electrical properties of the tissue were uniform, the current density distribution was symmetric along the 121 plane normal to the skin surface and along the centres of the cathode and the anode. This symmetry allowed a 122 study to be performed on a half model. To represent the location of the nerve, we defined a plane representing 123 the anatomical depth of the target nerve (10mm). The intersection of the stimulus pool with the plane defined an 124 area; the smaller the area, the more focused is the stimulation and thus the better the spatial selectivity.
125
Therefore, the area of the stimulus contour associated with 50% of maximal stimulation was used as the metric 126 of spatial selectivity.
127
To explore the combined effect of hydrogel resistivity and electrode size on selectivity, a series of simulations 128
were run with square electrodes from infinitely small (a point) to 16mm×16mm with a range of interface layers.
129
The first simulation considered the no interface layer case; subsequent simulations varied the 1mm thick 
148
It was assumed that the magnitude of reduction in selectivity due to current passing across the inter-electrode 149 gaps would be dominated by electrodes immediately surrounding any given electrode in the array. Hence,
150
Model 1 was extended to include eight more electrodes surrounding the original cathode electrode (Figure 2) 1 .
151
The interface between the electrode array and the skin was a sheet of hydrogel. (Table 1 ) and for each of these, four commercial hydrogel sheets were modelled (Table 2 ).
163
The set of hydrogel properties were informed not only by the results of Model 1, but also by earlier 164 experimental work [25, 26] which provided further evidence to support the use of a thin, high-resistivity 165 hydrogel layer between the electrode and skin. The results suggested that for hydrogels ST and AG an electrode gap between 1mm and 5mm will result in an 185 acceptably low selectivity loss (defined as less than 10%) in the presence of the surrounding electrodes. 
166

224
The experiment started with measurement of the neutral foot orientation for the subject while standing upright.
225
He/she was then asked to sit in a chair and their right lower leg was strapped in the brackets to keep the shank in 226 a consistent pose throughout. The stimulator and electrodes were then donned. The subject was then asked to 227 maintain their sitting posture and relax the foot in a natural (dropped) position throughout the experiments. As 228 the analysis of data did not dictate the order in which the tests were conducted, the foot twitch experiment was 229 conducted first to reduce fatigue. However, here they are explained in reverse order for clarity.
230
Prior to beginning the slow ramped stimulation experiment a user-defined maximal current was identified. We 231 assumed that sensation would be most acute over bony prominences and hence at the start of the experiment 232 increased stimulation over these sites until a user-defined maximum was reached and the value noted. Next, 233 current through each VE in turn was ramped from zero to the user-defined maximal current over 10 seconds.
234
The 
239
The target for foot orientation was defined as dorsiflexion at or above neutral, and inversion/eversion within -
240
1SD of the previously reported healthy subject mean foot orientation at heel strike [28] . All VEs which, when 241 stimulated over the 10 second period, resulted in the foot reaching the target foot orientation were identified and 242 the set of electrodes satisfying these criteria were labelled Set A.
244
When sitting relaxed in the chair the subject's foot was typically plantarflexed and inverted, compared with its 245 neutral position. Hence, it was assumed that a twitch response that moved the foot towards dorsiflexion and it was necessary to go to include any member of Set A, defined as Rank_any.
265
In 9 out of the 10 subjects to complete the slow ramped stimulation study, at least 1 VE was identified which, 266 when stimulated, produced the target foot response. The maximum number of acceptable VEs found for any 267 individual subject was 4 (out of 49) and the minimum was 0.
268
The results of the twitch stimulation analysis for the 9 subjects are shown in Although there was significant inter-subject variability, the results showed that in most cases by using a cost 
304
In phase one the level of stimulation at which the foot first responds is determined. 
59
The replaces an electrode array replaces the single stimulating electrode used with conventional surface FES.
60
Each electrode in the array can be independently activated and used to deliver stimulation to localized areas. 
116
In order to achieve a satisfactory degree of spatial selectivity, it was necessary to identify an appropriate 117 electrode geometry and interface layer properties. Two finite-element models were therefore developed to 
135
Appropriate electrical conductivity properties were assigned to the elements, based on values from Duck [22] 136 (Table 1) . Time was not represented, as the electrical properties were assumed to be dominated by resistance.
137
Although the skin's capacitance cannot normally be neglected, the skin in the model was assumed to be 138 hydrated due to intimate contact with the hydrogel layer. Hence capacitive effects were not included in this 139 model.
141 Figure 1: Schematic of the geometry of the selectivity FE model (not to scale) (dimensions in mm)
142 143 . To explore spatial selectivity we first defined a stimulus pool to be a volume over which the 147 value of the stimulation function exceeds a threshold at which action potentials in a nerve fibre are generated.
148
The maximumal stimulation function always appears in the stimulus pool centre, just underneath the cathode,
149
and the amplitude of the stimulation function decreases from the centre to the edge of the stimulus pool.
150
Although the value of the maximum stimulation function varies between models, it can always be scaled to the 
164
Therefore, the area of the stimulus contour associated with 50% of maximal stimulation was used as the metric 165 of spatial selectivity.
166
To explore the combined effect of hydrogel resistivity and electrode size on selectivity, a series of simulations 167
168
187
It was assumed that the magnitude of reduction in selectivity due to current passing across the inter-electrode 188 gaps would be dominated by electrodes immediately surrounding any given electrode in the array. Hence,
189
Model 1 was extended to include eight more electrodes surrounding the original cathode electrode (Ffigure 2) 1 .
190
The interface between the electrode array and the skin was a sheet of hydrogel. The initial geometry of Model 2 In order to quantify the effects of the surrounding electrodes on selectivity, two versions of each model were 211 run. In the first version, the surrounding electrodes were not represented and in the second, the surrounding 212 electrodes were represented. The selectivity loss resulting from the introduction of surrounding electrodes was 213 quantified by a selectivity loss ratio, defined in equation 1.
214
Selectivity _ loss _ ratio = 
248
The stimulation system consisted of a constant current portable 64 channel stimulator designed and built by the 
264
265
He/she was then asked to sit in a chair and their right lower leg was strapped in the brackets to keep the shank in 266 a consistent pose throughout. The stimulator and electrodes were then donned. The subject was then asked to 267 maintain their sitting posture and relax the foot in a naturally relaxed (dropped) position throughout the 268 experiments. As the analysis of data did not dictate the order in which the tests were conducted, the foot twitch 269 experiment was conducted first to reduce fatigue. However, here they are explained in reverse order for clarity.
270
Prior to beginning the slow ramped stimulation experiment a user-defined maximal current was identified. We 271 assumed that sensation would be most acute over bony prominences and hence at the start of the experiment 272 increased stimulation over these sites until a user-defined maximum was reached and the value noted. Next, 273 current through each VE in turn was ramped from zero to the user-defined maximal current over 10 seconds.
274
The twitch stimulation part of the experiment involved six different bursts of stimulation (1 and 4 pulses/burst, 
279
The target for foot orientation was defined as dorsiflexion at or above neutral, and inversion/eversion within - it was necessary to go to include any member of Set A, defined as Rank_any.
305
In 9 out of the 10 subjects to complete the slow ramped stimulation study, at least 1 VE was identified which, 306 when stimulated, produced the target foot response. The maximum number of acceptable VEs found for any 307 individual subject was 4 (out of 49) and the minimum was 0.
308
The results of the twitch stimulation analysis for the 9 subjects are shown in tTable 34. Note that stimulation at 309 16mA produced no or minimal response.
310 311 
344
397
In the final clinical study seven subjects with drop foot (3 subjects with MS, 3 with stroke and 1 with traumatic 398 brain injury) used ShefStim over a 2 week period. The reader is referred to [22] [7] for the experimental protocol
